Background
Major depressive disorder (MDD) is characterized by persistent feelings of sadness, worthlessness, and guilt, as well as cognitive and physical symptoms that affect daily life functioning (APA, 2000) . Positron Emission Tomography (PET) and functional magnetic resonance imaging (fMRI) studies have revealed abnormal neural functioning in depression within cortical regions involved in cognitive control and emotional regulation and subcortical regions involved in affective processing and visceral functions. Using resting-state functional brain imaging techniques, researchers have shown that MDD is associated with hypoactivity in cognitive control brain regions, especially pregenual anterior cingulate, posterior cingulate, and middle frontal gyri and affective control cortical regions such as insula. Regions considered overactive in MDD include deeper brain structures such as the thalamus and caudate, among others (Fitzgerald et al., 2008) .
The default mode network (DMN), a key network activated during rest and thought to reflect self-directed thinking, has also been found to be abnormal in depression. Studies have generally reported increased functional connectivity (FC) in depressed subjects within different regions of the DMN, including the subgenual anterior cingulate cortex (ACC) and posterior cingulate cortex (PCC; Greicius et al., 2007; Zhu et al., 2012; Li et al., 2013; Sambarto et al., 2013) . Investigators have also observed increases in FC of the PCC with the orbitomedial pre-frontal cortex (PFC) and dorsolateral PFC in acute depression (Zhou et al., 2010) and of the PCC with the medial temporal lobe in remitted depression (Wu et al., 2013) . Findings of reduced FC are most frequently found between cortical and subcortical regions, for example between the ACC and medial thalamus and pallidostriatum (Anand et al., 2005) , the ventromedial PFC (vmPFC), and the cerebellum , and the middle frontal gyrus with the hippocampus (Cao et al., 2012 ; a noteworthy exception is increased FC between the frontal poles and cerebellum ).
The subgenual ACC (Brodmann area 25), with its extensive connections to cortical and subcortical regions (Price and Drevets, 2010) , was proposed as a critical node in the DMN of depressed and at-risk individuals. This region's metabolic activity is elevated in acutely depressed individuals-normalizing after remission-and in healthy controls induced into a sad state (Mayberg et al., 1999) . Another important region in the DMN is the anteromedial PFC, often referred to as Brodmann area 10 (BA10). Cytoarchitechtonic subdivisions of this region, however, show that BA10 not only covers the frontal pole but extends ventrally to include the vmPFC and anterior-most region of the subcallosal area. The frontal pole is therefore referred to as BA10p, with the vmPFC regions as BA10m and BA10r ( Figure 1A ). BA10p is the largest region of the prefrontal lobe (Ongur et al., 2003) , which may reflect the complexity of cognitive-related computational processes undertaken by this brain region (Rolls, 2014) .
Mood and psychomotor problems in depression have been considered to be the critical symptoms that necessitate immediate intervention. Recent investigations in social cognition, however, have suggested abnormal processing of social emotional stimuli in individuals with depression. Some studies looked at emotion recognition of facial expressions in depression and found evidence for a negative bias toward sad faces and reduced accuracy in the recognition of emotion in faces (Bourke et al., 2010) . Other studies focused on trait-and ability-based measures of emotional intelligence (EI). Those studies found that higher depressive symptoms predict lower emotional intelligence in male subjects (Salguero et al., 2012) , MDD participants exposed to trauma have lower EI scores than healthy controls (Kwako et al., 2011) , and older adults with higher EI scores have a lower risk of developing depression (Lloyd et al., 2012) . Although a clear understanding of the neurobiological correlates of social emotional deficits in depression is still lacking, evidence from neuropsychology, cognitive psychology, and brain imaging has implicated the vmPFC in the proper expression of emotion (Damasio, 1996) , understanding of emotion from body language (Mah et al., 2005) , and emotional decision-making (Bechara and Damasio, 2005; Rolls, 2014) . Results from these studies could suggest that low EI relates to depression through a mechanism involving a reduced ability to recognize and manage emotions, a cognitive process undertaken by the vmPFC (Downey et al., 2008) .
Based on evidence supporting the functionally diverse nature of the DMN (Smith et al., 2012) and the anatomical subdivision of BA 10, the first aim of this study was to investigate whether four distinct frontal sub-regions (BA25, BA10m, BA10r, and BA10p) extending from the subcallosal cortex beneath the rostrum to the inferior-most regions of the medial frontal cortex encompassing the frontal poles show different functional connectivity maps between depressed and healthy subjects. The second aim was to determine whether FC of the anterior DMN is related to emotional intelligence in depressed and healthy subjects. Although the relationship between social cognition and depression remains tenuous, this study aims at building on the growing literature linking emotional intelligence to depressive symptomatology and providing a biological framework to help understand the underlying mechanisms of social and emotional deficits in depression.
Methods

Participants
Participants were recruited from the Medical University of South Carolina (MUSC) outpatient psychiatric services, the Mood Disorders Program (MDP), and local advertisements for two separate but consecutively-executed studies with similar inclusion criteria and with identical research personnel. The depressed participants were recruited strictly for the neuroimaging studies. All participants provided informed consent as approved by the Institutional Review Board at MUSC. Patients with depression met criteria for a major depressive episode based on a Structured Clinical Interview for DSM-IV Axis I disorders (First et al., 1996) . Criteria for inclusion were symptom duration of less than 24 months and an Antidepressant Treatment History Form ≤ 1 (Sackeim et al., 1990) . Prior to the scan, patients were off psychotropic medication for at least two weeks (at least four weeks for Fluoxetine). Exclusion criteria included psychotic disorders, substance abuse or dependence, neurodegenerative disorders, epileptic disorders, serious medical conditions, and pregnancy. Healthy subjects were recruited through advertisements and screened for DSM-IV-TR Axis I disorders (except caffeine and nicotine abuse).
Assessments
An experienced clinical rater completed the 24-item Hamilton Rating Scale for Depression. Participants completed the Inventory of Depressive Symptoms-Self Report scale (IDS-SR; Rush et al., 1996) , the State and Trait Anxiety Inventory-Y2 (Spielberger, 1983) , the Empathy Quotient (Lawrence et al., 2004) , and the Affective Neuroscience Personality Scale (Davis and Panksepp, 2011) . They also completed an ability-based measure of emotional intelligence, the Mayer-Salovey-Caruso Emotional Intelligence Test (MSCEIT). The MSCEIT is a behavioral task that directly tests one's ability to identify emotional expressions in faces, to judge how a person might feel in a certain situation, and to identify behaviors that contribute to different emotional states. Two sub-scores are reported: (1) Experiential Emotional Intelligence subscore, which captures the ability to accurately perceive, identify and classify emotions and involves the processing of emotion at a basic level; and 2) Strategic Emotional Intelligence subscore, which captures the ability to accurately process emotions at a higher level of cognition and measures the ability to reason about and manage emotions and use them appropriately in social situations (Mayer et al., 2006) .
Image Acquisition
Participant scans were obtained from a single site but two different scanners. Scanner type was accounted for in the analyses by including it as a covariate. Fifteen depressed and fifteen healthy controls were scanned using a neuro-optimized 3T Siemens scanner (Siemens AG) with a 12-channel head coil, referred to in this paper as scanner 1. Ten depressed and ten healthy controls were scanned using a 3T Philips scanner (Intera, Philips Medical System) with a SENSE parallel imaging head coil, referred to as scanner 2. Two depressed patients from scanner 1, two depressed patients from scanner 2, and four control subjects from scanner 2 were excluded from the study due to unavailability of scans or bad functional images. A total of 42 functional images were included in this report (21 depressed and 21 healthy controls). 
Data Preprocessing
All resting-state fMRIs were preprocessed using FMRIB Software Library (FSL) version 4.1.9. The following preprocessing steps were applied using FMRI Expert Analysis Tool (FEAT) version 5.98: non-brain removal, motion correction using MCFLIRT (Jenkinson et al., 2002) , slice timing correction using sinc interpolation, spatial smoothing with a Gaussian kernel (full width at half maximum = 8 mm), and grand mean intensity normalization of the entire 4D dataset by a single multiplicative factor. In addition, the images were high-pass filtered to remove frequencies below 0.01 Hz. Signals from white matter, CSF, and the global signal were used as nuisance regressors to control for non-neuronal activation. The six motion parameters, three translations, and three rotations estimated by MCFLIRT were also regressed to account for any remaining effects of motion. The images were also temporally bandpass filtered (0.01-0.08 Hz) to limit the analysis to the low frequency fluctuations. No participant had excessive motion (>3 mm): maximum translation or degree rotation was 2 mm for participants from scanner one and 2.5 mm for participants from scanner two.
Statistical Analyses
Seed-Based Functional Connectivity
A whole brain seed-based functional connectivity analysis was carried out on the resting-state functional images to investigate differences in functional connectivity maps of each region of interest (ROI) between depressed and healthy subjects. For each of the four ROIs, two spheres were defined bilaterally using the Wake Forest University Pickaltas software (www.ansir.wfubmc. edu). The center of each ROI was specified with the coordinates x, y, and z in Montreal Neurological Institute (MNI) space: BA25 at ±5, 26, and -10; BA10m at ±5, 34, and -18; BA10r at ±5, 46, and -14; and BA10p at ±5, 60, and 4, respectively. A 3.5 mm radius was specified for the BA25, BA10m, and BA10r spheres and a 5 mm radius was specified for the BA10p spheres ( Figure 1B) . The ROIs correspond to the structural division of the subgenual ACC and BA10 (Ongur et al., 2003) . The seeds were transformed from MNI space to the subjects' native space by using the inverse transformation matrix created from the registration of the functional images to their respective structural images and standard space MNI (as done in Pannekoek et al., 2013) . The mean time series of each seed was extracted and used as a regressor in a general linear model to create a functional connectivity map of each seed for each subject in its native space.
The functional connectivity maps of all subjects in MNI space were carried to a second-level mixed-effects analysis. Four contrasts were included in the GLM: depressed group's mean connectivity, control group's mean connectivity, greater connectivity in the depressed group (depressed > controls), and greater connectivity in the control group (controls > depressed). Each seed was analyzed separately. Age and type of scanner were included as covariates to control for any effect of age and scanner parameters. All statistical maps were thresholded at Z > 2.3 with a cluster-corrected significance threshold of p < 0.05, using random field analysis. If the whole brain analyses did not reveal a significant group difference, the analysis was repeated using a mask of each group's mean FC map (depressed group mean FC + control group mean FC) to limit the number of voxelwise comparisons (as noted in the Results).
Exploratory Analyses of vmPFC FC and Emotional Intelligence
Permutation-based non-parametric statistics were carried out using Randomise with the generation of 5000 permutations to investigate the relationship between functional connectivity of the BA25 and BA10p seeds and emotional intelligence (Nichols and Holmes, 2002) . Non-parametric statistics were used due to the robustness of these tests with non-normal data. The main effect of the MSCEIT total score was investigated, using IDS as a covariant, to control for the effect of depression severity on the relationship between emotional intelligence and functional connectivity. If the results were significant, scores on the MSCEIT subscales (Experiential Emotional Intelligence and Strategic Emotional Intelligence) were investigated to further understand the relationship between emotional intelligence and FC. Moreover, group by MSCEIT score interactions were run to determine whether the relationship between emotional intelligence and FC differed between depressed and healthy control groups. Analyses were carried out using a mask of each group's mean FC map. Statistical thresholds were obtained using threshold-free cluster enhancement (TFCE).
Voxelbased Morphometry Analyses
Gray matter volume of the four ROIs were compared between the depressed and healthy controls using voxelbased morphometry techniques to rule out group differences in grey matter integrity. The participants' structural images were segmented, averaged, and nonlinearly registered to a grey matter template. Permutation-based nonparametric statistics were then applied to calculate group difference in grey matter density in the BA25, BA10m, BA10r, and BA10p seeds.
Results
Demographics
The participants were between 22 and 61 years old. The racial makeup of the sample was 67% (n = 42) white, 26% African American, 5% Asian, and 2% American Indian. The depressed and control groups did not significantly differ in age or gender distribution. The groups differed on years of education after high school, IDS-SR and Hamilton scores, and on the Seek, Fear, Anger, Play, and Sadness subscores of the Affective Neuroscience Personality Scale (see Table 1 ). Wilcoxon rank sum tests were used for the group comparisons due to non-normality of the data and Chi squared tests were used for group comparison of gender.
Seed-Based Functional Connectivity
BA10p Seed FC maps of the BA10p seed were similar in the depressed and control groups, encompassing regions of the DMN that included the ventromedial PFC, dorsal ACC, superior frontal gyrus, PCC, precuneus and angular gyrus, and subcortical regions, including the thalamus, caudate, and putamen (see Figure 2A) . The healthy control FC map, however, extended further dorsally compared to the depressed map, additionally encompassing the dorsal part of BA32 and BA8 as well as extending laterally to include the insular cortex bilaterally (Table 2) . Results from the whole-brain mixedeffects analysis showed the controls to have significantly greater connectivity of the BA10p seed with the right insula (Z > 2.3, p < 0.05 cluster corrected; Figure 3A ). The depressed group did not show any region of greater connectivity compared to the controls (p > 0.05) in whole-brain and mask-restricted analyses. Extraction of the individual subject's mean connectivity in the insula cluster showed that the depressed group had a more negative BA10p insula FC compared to the control group (Figure 4 ).
BA10r
Seed FC maps of the BA10r seed were similar in the depressed and control groups, including the ACC, vmPFC, frontal pole and the PCC ( Figure 2B ). The control FC map covered additional regions along the superior frontal gyrus (BA9) and the PCC. Group comparisons did not reveal significant differences between the groups' BA10r FC map even after restricting the number of voxel-wise comparisons.
BA10m
Seed FC maps of the BA10m seed were similar in both groups and included the subgenual ACC, vmPFC, frontal pole, and PCC ( Figure 2C ). Group comparisons revealed no significant differences between the groups' BA10m FC maps even after restricting the number of voxel-wise comparisons.
BA25 Seed
FC maps of the subgenual ACC seed were similar in the two groups, encompassing the subcallocal cortex, ACC, and frontal medial cortex (including BA10m and BA10r). The control subjects' maps, however, extended to the dorsal regions of the ACC, covering BA32ac and the dorsal region of BA10p as well as the posterior cingulate gyrus ( Figure 2D ). The depressed subjects' maps showed additional correlations with the lateral occipital cortex. Whole-brain analyses did not reveal any group difference, but when the mask was included, results showed significantly greater connectivity in the control group between BA25 and a region overlaying BA32ac, BA24a'/b', and BA24b/c (Z > 2.3, p < 0.05 cluster corrected; Figure 3B ). The depressed group did not reveal any region of significantly greater connectivity compared to the control group (p > 0.05) in whole-brain and mask-restricted analyses.
Voxelbased Morphometry Analysis
No group difference was found in any of the ROIs (p > 0.05, TFCE corrected).
Exploratory Analyses
MSCEIT Total Score
Analysis of the main effect of the MSCEIT total score on BA25 functional connectivity, after covarying for IDS, showed a significant positive relationship between emotional intelligence and BA25-BA24 connectivity (p < 0.05, TFCE corrected). Analysis of the main effect of MSCEIT total score on BA10p FC revealed no significant relationship between the two (p > 0.05). Analysis of the relationship between BA25 FC and MSCEIT subscores were therefore carried out.
MSCEIT Experiential Emotional Intelligence Subscale
The main effect of the Experiential Emotional Intelligence score, covarying for IDS, showed a significant positive relationship of BA25 FC with BA24 (p < 0.05, TFCE corrected; Figure 5 ; see Supplementary Material Figure S1 ). There was no significant interaction with group in predicting BA25 FC (p > 0.05).
MSCEIT Strategic Emotional Intelligence Subscale
The main effect of the Strategic Emotional Intelligence score in predicting BA25 FC, covarying for IDS, was not significant (p > 0.05). There was, however, a significant interaction with group in a region overlaying BA10r (p < 0.05, TFCE corrected; Figure 5 ). Analysis of each group separately revealed that there was a positive correlation between Strategic Emotional Intelligence and BA25-BA10r FC for the depressed group and a negative correlation for the control group ( Figure 6 ).
Discussion
Although the anatomical subdivision of the anterior PFC has been established in the human and non-human primate brain, connectivity analyses have not distinguished between the subregions of the anterior and middle PFC. To our knowledge, this is the first study to explore the specific sub-anatomic functional connectivity maps of BA10 subregions in depressed patients. Visual inspection of the FC maps showed that seed regions farthest from the subcallosal area (i.e. seeds located more anteriorly) connected to more dorsal and posterior brain areas. Statistical analyses of group differences on FC maps showed that compared to controls, depressed subjects had significantly reduced connectivity between regions of the anterior DMN and areas involved in emotional regulation. Additionally, this study reports on the relationship between vmPFC FC and emotional intelligence. The finding of reduced FC between the subgenual ACC and the perigenual ACC in depressed subjects could explain the disturbances in mood, sleep, and emotional regulation in MDD. The subgenual ACC is involved in the modulation of autonomic responses during affective processing and the perigenual ACC is involved in integrating mood, sleep, and autonomic and cognitive processes (Mayberg, 1997) . Studies have also shown that metabolism in the perigenual ACC and connectivity with limbic and paralimbic regions are predictive of treatment response (Mayberg, 1997; Anand et al., 2005; Pizzagalli, 2011; Rentzsch et al., 2013) . Data from cognitive and neuroimaging studies support the dichotomy between the subgenual and perigenual vmPFC regions, the former being associated with negative affect and the latter with positive affect (Myers-Schultz and Koenigs, 2012) . Reduced FC between the subgenual and perigenual ACC can therefore be a vulnerability factor that makes individuals more susceptible to depression or makes it more difficult to exit a depressive state (Holtzheimer and Mayberg, 2011) .
The finding of reduced FC between the BA10p seed and the right anterior insular cortex in the depressed group replicated studies that reported reduced FC between the insula and regions of the DMN (Veer et al., 2010; Hamilton et al., 2011) . During rest, BA10p is activated as part of the DMN, which undertakes internalstate processing such as self-referential thinking. The insular cortex, an integral part of the affective salience network, is involved in the awareness of autonomic sensations and arousing stimuli (Sliz and Hayley, 2012) and the mapping of visceral and somatic representations that guide reward-based decision-making ability (Bechara and Damasio, 2005) . Reduced FC between BA10p and the insula could indicate impaired integration of physiologic signals with introspective thoughts, resulting in reduced awareness of sensations and, ultimately, reduced ability to regulate emotion.
The insular cortex is also involved in goal-directed thinking that is important for a wide range of cognitive and emotional processes (Chang et al., 2013) . With its extensive connections to prefrontal regions, the anterior insula has been shown to be directly involved in switching between the DMN and central executive networks to shift the brain's resources from internal processing to the processing of externally salient stimuli (Menon and Uddin, 2010) . The finding of reduced BA10p insula FC could therefore also indicate a fundamental abnormality in the connectivity between two brain networks required for the coordination of information during processing of cognitive and emotional stimuli, as well as related internal states. Studies on neurological patients have shown a direct causal relationship between the integrity of the salience network and activity within the DMN (Bonnelle et al., 2012; Chiong et al., 2013) .
Results of the exploratory analysis showed that even after controlling for depression severity, the basic ability to feel and perceive emotions was positively related to FC between the subgenual and perigenual ACC. This finding suggests that accurate perception and identification of emotions in oneself and others is dependent on intact functional coherence between regions involved in the modulation of autonomic responses (Freedman et al., 2000) and emotional tagging of stimuli (Pizzagalli, 2011) . The ability to process emotions at a higher level of cognition was shown to be positively related to subgenual ACC BA10r FC in depressed subjects and negatively related to it in control subjects. One plausible explanation for this finding is that in a depressed state, failure to adequately recruit anterior prefrontal brain regions hinders one's ability to use cognitive resources needed to manage one's emotions. The literature provides evidence for reduced FC (Takeuchi et al., 2013) and smaller grey matter volume (Killgore et al., 2012) in regions of the DMN and salience network in participants with low emotional intelligence scores. Results from the present study show no evidence of a relationship between BA10p connectivity and emotional intelligence. It is surprising that BA10p insular connectivity was not significantly related to the MSCEIT scores, since that region has been implicated in emotional intelligence.
Limitations and Future Directions
Participants included in this study were scanned using two different scanners, although this was statistically controlled for in the analyses. Another limitation is the group difference in education level. It is unlikely, however, that the group differences in emotional intelligence were driven by different levels of education, for two reasons: (1) both groups had several years of education after high school and (2) group remained a significant predictor of MSCEIT scores even after covarying for education (see Supplementary Material Figure S2 ). It is possible that ROI size affected the probability of finding a significant group difference in FC. Small ROIs might not capture enough of the variance in the signal of a region, thereby increasing the probability of a false negative. Moreover, caution must be taken when interpreting fMRI data from the subgenual ACC region, since this region is subjected to signal drop. Inspection of individual scans, however, reveals no group difference in the number of scans with signal dropout. Another limitation is the application of global signal regression to the functional images, which could have induced the negative correlations observed. The importance of using global signal regression in preprocessing functional images is, however, emphasized in resting-state fMRI studies (Fox et al., 2009 ).
Conclusion
These results suggest that, even in a sample of non-treatment resistant depressed patients, regions of the anterior DMN fail to adequately connect to emotional regulatory regions during a state of rest. Disrupted FC between those regions could reduce the individual's ability to recognize their own and others' emotions, consequently diminishing their capacity to engage in positively reinforcing social interactions, thus further promoting depressive states. Future studies are needed to conclude whether these deficits are state-or trait-dependent.
